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Abstract 
Changes in land cover and fish assemblage structure were assessed across two spatial and 
temporal scales in the Piedmont and Coastal Plain regions of the Chesapeake Bay watershed in 
Virginia. A long-term, local study (1953 to 2014) on the Tuckahoe Creek watershed used 
digitized aerial photography and satellite images (Landsat 5 TM and Landsat 8 OLI/TIRS) to 
quantify land cover change for five nested catchments in 1953, 1990, and 2014. Instream fish 
collections from 1958, 1990, and 2014 were utilized to assess a variety of fish assemblage 
metrics for each of the five catchments, and analyses were performed to assess associations 
between changes in land cover and changes in fish assemblage structure across all three time 
periods. A short-term, regional study assessed 21 catchments in the region using 1997 Landsat 5 
TM satellite images and 2014 Landsat 8 OLI/TIRS satellite images to quantify land cover 
change. Fish collections from 1995-1999 and 2014 were utilized to assess a variety of fish 
assemblage metrics from samples taken at instream sites for each of the 21 catchments. Analyses 
were performed to discover any associations between changes in land cover and changes in fish 
assemblage structure from a regional perspective. This study found that there were significant 
changes in land cover over all study periods in the Tuckahoe Creek watershed and that land 
cover changes were correlated to changes in fish assemblage structure over the long-term study. 
Regionally, there were significant changes in land cover, with no correlation to changes in fish 
assemblage structure found. The data suggests that anthropogenic alterations to the landscape 
have had long-term effects on fish assemblage structure in Tuckahoe Creek, but the results from 
the short-term assessments did not detect a relationship between land cover changes and changes 
in fish assemblage structure. It is possible that the fish communities were already established in 
moderately degraded catchments by the 1990s due to previous anthropogenic stressors.  
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Introduction 
Degradation of freshwater resources has become a major environmental concern over the 
past few decades, because freshwater is an essential, yet limited, resource that provides 
immeasurable benefits to the ecosystem and society (Allan and Castillo, 2007; Karr, 1999; Karr, 
2006). Humans rely on freshwater for clean drinking water, food resources (e.g. fish and 
shellfish), transportation, commerce, electric power, irrigation, sanitation, recreation and overall 
aesthetics (Allan and Castillo, 2007; Karr and Chu, 1999; Karr, 2006). However, many human 
activities may be detrimental to freshwater systems by contributing to the contamination of rivers 
and streams, the modification of land and physical habitat, the overexploitation of aquatic 
resources, the introduction of invasive or non-native species, and to climate change (Alan and 
Castillo, 2007; Karr, 1981; Karr and Chu, 1999; Nilsson, 2003).  
Assessing water quality and quantifying the variables that contribute to water degradation 
are extremely important for environmental managers across the globe. Researchers have utilized 
many methods to assess the quality and health of freshwater resources but landscape and 
ecological indicators have become effective approaches to providing a more encompassing 
knowledge of environmental quality and water quality beyond the scope of traditional methods, 
such as temperature, pH, dissolved oxygen, nutrients, pesticides, etc. (Gergel, 2002; Tiner, 2002; 
Tiner, 2004). The index of biological integrity (IBI) utilizes a variety of metrics to assess 
instream fish communities at site-specific locations and provides a semi-quantitative measure to 
assess ecological quality of the aquatic systems at those locations (Karr, 1981; Karr, 1987; 
Novotny, 2004; Einhauser, 2013). Fish are very useful in long-term environmental assessments, 
because they are easy to sample, live a relatively long time, and incorporate multiple trophic 
levels in an aquatic community (Helms and Feminella, 2005; Barbour, 1999; Karr, 1987). Also, 
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some fish assemblage metrics (e.g. species composition, richness, percent tolerant/non-tolerant, 
etc.) are easily measured and respond to environmental stressors associated with anthropogenic 
alterations to the landscape (Helms and Feminella, 2005; Walters, 2003). There are a variety of 
reasons that fish assemblage structure may change over time, and numerous studies have pointed 
to natural and anthropogenic stressors as possible causes to the degradation of aquatic systems 
(Garman and Moring, 1993; Helms and Feminella, 2005; Orrego, 2009; Matthews, 2013; 
Weaver and Garman, 1994).  
Fish assemblage structure and function may be influenced by different abiotic factors 
(e.g. temperature, pH levels, dissolved oxygen, stream gradient, channel morphology, etc.) from 
regional variation or influenced by a variety of biotic factors occurring within stream 
communities (e.g. predation, competition, introduction of non-native/invasive species, etc.) 
(Orrego, 2009; Angermeir and Winston, 1998). Changes in fish assemblage structure may occur 
over very long periods of time from low-intensity disturbances, like long-term landscape 
alterations and climate change, or show abrupt changes from extreme disturbances like flood, 
drought, modification of stream channel, clear-cut logging, etc. (Garman and Moring, 1993; 
Weaver and Garman, 1994); however, the response of fish communities to different types of 
stressors can vary (Matthews, 2013). Some communities may show resistance to stressors or 
resilience (elasticity) and bounce back to a previous ecological state or even change one 
directionally to a new ecological state (Matthews, 2013; Holling, 1973). Another view of 
changes in fish assemblage structure, the stochastic view, maintains that equilibrium is rarely 
met and fish assemblage structure is largely determined through unpredictable environmental 
stressors (Grossman, 1982). Numerous studies have assessed the different stressors to aquatic 
communities and the responses of those aquatic communities to the stressors (Matthews, 2013). 
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Human activities (e.g. development, logging, agriculture, construction of transportation 
corridors, etc.) have been implicated as serious stressors to lotic aquatic systems because of the 
direct and indirect alterations to the ecosystem (Garman and Moring, 1993; Karr, 1991; Karr and 
Chu, 1999; Novotny, 2004; Wang, 2001).   
Biological consequences can arise from alterations in water quality, habitat structure, 
flow regime, energy sources and biotic interactions (Karr, 1991; Karr and Chu, 1999; Cleapcott, 
2013; Orrego, 2009). Changes in land cover may alter ecosystem function, biodiversity, water 
availability, and water quality which may degrade stream biota and influence changes in aquatic 
community structure (Nilsson, 2003; Hong, 2011; Snyder, 2005; National Research Council, 
2001). Land use and land cover change are directly and indirectly linked to the physical and 
chemical alterations to freshwater ecosystems (Wang, 2001, Novotny, 2003).  
Land cover changes within a watershed may increase impervious surface area (ISA), 
reduce forest cover, convert natural land cover to agricultural fields, fragment habitats, and 
diminish riparian zone buffers (Snyder, 2005; Wang, 2001). As a result, the biotic integrity of 
lotic aquatic systems may be negatively affected by reductions in watershed base flow, an 
increase in the frequency and magnitude of flood discharge, production of flashier stream 
hydrographs, reduction of groundwater filtration, an increase in stream bank erosion and stream 
bed incision, alterations in the temperatures of instream habitat, and increases in point source and 
non-point source pollution (Karr, 1981; Karr, 1986; Nilsson, 2003; Wang, 2001; Goetz and 
Fiske, 2008). 
The conversion of natural cover to ISA, especially in riparian zone buffers, may alter the 
availability of natural habitat, the quality of water, and the amount of water for aquatic 
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communities (Allan, 2004; Helms and Feminella, 2005; Walsh, 2001; Paul and Meyer, 2001; 
Wang, 2001). Increases in ISA may increase sedimentation, nutrient delivery, pesticides, metals 
and other contaminants (Helms and Feminella, 2005; Wang, 2001; Einhauser, 2013). These 
stressors have been shown to alter the structure of fish assemblages by increasing tolerant 
species, increasing invasive species, and shifting trophic and reproductive guilds towards 
increased levels of generalists (Walters, 2013; Helms, 2005).  
ISA increase in a watershed has been associated with negative impacts on biotic integrity 
with multiple studies stating that degradation occurs when a catchment reaches ISA levels of 
10% or more (Cleapcott, 2012; Wang, 2001; Walsh, 2001; Helms and Feminella, 2005; Schuler, 
1994); however, forested areas and natural riparian zone buffers are associated with very positive 
effects on watersheds (Virginia Department of Conservation and Recreation, 2014; Roy, 2007; 
Atasoy, 2006; Zielinski, 2002; Goetz and Fiske, 2008; Snyder, 2005). Instream biotic integrity 
reflects the conditions of a catchment, because streams act as topographic “sinks” for the 
surrounding catchment and aquatic communities are sensitive to a wide range of environmental 
factors (Karr, 1981, Nilsson, 2003). Different geographical regions, and the catchments within 
those regions, may have different land use and land cover issues (Tiner, 2002).   
In the Mid-Atlantic region of the United States, anthropogenic alterations were the major 
factor producing land use change from 1992 to 2001, with an average increase of 8% in urban 
land use (Slonecker, 2008). Land use and land cover change has affected roughly 28% of the 
Mid-Atlantic between 1972 and 2001 with higher concentrations of anthropogenic alterations 
occurring in coastal areas (Slonecker, 2008). The population of the Chesapeake Bay Watershed 
has doubled from 1950 to 2012 and the proportion of ISA is expected to double from 2005 to 
2035 (Goetz and Fiske, 2008; United States Geological Survey, 2012).  
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The Chesapeake Bay Program assessed the biological integrity of Chesapeake Bay 
streams in a study from 2000 to 2010 and 57% of the 10,492 sampled streams were either poor 
or very poor in biological integrity (Chesapeake Bay Program, 2014). The Chesapeake Bay 
assessment also concluded that streams located near highly developed areas have the lowest 
biological integrity scores, however, streams located in forested areas with natural cover have the 
highest biological integrity scores (Chesapeake Bay Program, 2014). 
The population of Virginia is projected to grow almost 21% by 2040, and the highest 
density of human population and anthropogenic alterations occur in the physiographic provinces 
of the Southern Appalachian Piedmont (Piedmont) and the Mid-Atlantic Coastal Plain (Coastal 
Plain) with the largest development taking place in the area from Northern Virginia southward to 
Richmond as well as southwardly towards Chesapeake (Weldon Cooper Center for Public 
Service, 2015; Virginia Wildlife Action Plan, 2015). These population projections will inevitably 
lead to further changes in the landscape so there is reason to assume further degradation to water 
resources and instream biotic communities.  
Hypotheses and Objectives 
Catchment integrity is hypothesized to have declined over the course of the study periods 
due to a variety of land cover changes, such as: decreases in natural cover, increases in ISA, 
increases in road fragmentation, and land cover changes in riparian zone buffers. The structure of 
fish assemblages is hypothesized to have changed over the course of the study periods through 
changes in species dominance, changes in species richness or native richness, changes in the 
number of native species or native individuals (individual fishes out of the total collection), 
changes in the number of intolerant species or intolerant individuals, and changes in the structure 
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of reproductive and trophic guilds. Finally, changes in land cover and changes in fish assemblage 
structure are hypothesized to be correlated.   
The objectives of this thesis research were to assess changes in fish assemblage structure 
from sample sites in the Piedmont and Coastal Plain regions of the Chesapeake Bay watershed in 
Virginia and to assess the changes in the integrity of the catchments for the sample sites through 
quantified land cover classifications. This included a short-term (17 years), regional change 
assessment on 21 catchments and a long-term (56 years) change assessment on the Tuckahoe 
Creek watershed near Richmond, Virginia. Another objective was to assess if any correlations 
existed between changes in land cover and changes in fish assemblage structure across these 
different spatial and temporal scales. The final objective was to assess where the ecologically 
important areas were within each catchment, as of 2014, using a watershed integrity model.   
Study Sites and Methods  
Tuckahoe Creek Catchments 
The Tuckahoe Creek watershed is located 19 kilometers west of Richmond, Virginia and 
it is approximately 28 kilometers long with an average width and depth of around 4 meters and 
0.7 meters respectively (Flemer and Woolcott, 1966; Weaver and Garman, 1994). Tuckahoe 
Creek is the last noteworthy tributary to the James River before the fall line and is located within 
the temperate deciduous forest of the Piedmont region in the Chesapeake Bay Watershed (Figure 
1) (Flemer and Woolcott, 1966; Weaver and Garman, 1994). The watershed of Tuckahoe Creek 
is situated in the eastern portion of Goochland County, Virginia and the western portion of 
Henrico County, Virginia (Flemer and Woolcott, 1966; Weaver and Garman, 1994). The 
watershed drains over 40,000 acres with elevation reaching around 82 meters at the highest point 
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of the headwaters and around 37 meters at the mouth (Flemer and Woolcott, 1966; Weaver and 
Garman, 1994). The upper reaches of the creek have a moderate gradient (approximately 4 
m/km) with the substrate consisting mostly of sand and impacted cobble (Flemer and Woolcott, 
1966; Weaver and Garman, 1994). The gradient gradually decreases downstream to 
approximately 1 m/km, and the lower reaches are dominated by a wide floodplain and wetlands 
with a substrate consisting mostly of detritus and silt (Flemer and Woolcott, 1966; Weaver and 
Garman, 1994).   
The mainstem of Tuckahoe Creek is the boundary between Henrico County and 
Goochland County (Figure 2). Henrico County is dominated by urban sprawl, a dense 
population, and ISA (Flemer and Woolcott, 1966; Weaver and Garman, 1994, Weldon Cooper 
Center for Public Service, 2015). Goochland County is dominated by agricultural cover, forest 
cover, and a low housing density (Weldon Cooper Center for Public Service, 2015).   
Instream Site Assessments 
 In 2014, five stream reaches were sampled in the Tuckahoe Creek watershed. The exact 
same stream reaches (plus an additional sixth stream reach) were previously sampled by Flemer 
and Woolcott (1966) in 1958 and Weaver and Garman (1994) in 1990 via seining efforts. The six 
stream reaches start upstream at site A and follow Tuckahoe Creek downstream to site F, which 
is approximately 5 kilometers upstream from the James River (Figure 3). The sampled stream 
reaches consisted of first order (site A), second order (sites B and C) and third order streams 
(sites D through F). Sites A through D and site F were sampled as part of this thesis project in 
2014. One stream reach (site E) was sampled in 1958 and 1990 but was not sampled in 2014 due 
to increased water height (Figure 3).  
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 Fish samples were collected following an Environmental Protection Agency approved 
Quality Assurance Performance Plan and standard electrofishing methods with Smith-Root 
backpacks or a tote barge unit. Each site was sampled once along a 100 meter reach using the 
same methods, and in most cases the same field crews. Electrofishing settings, total effort 
(seconds of generator output) and any other relevant information about the procedures were 
recorded. All fishes were collected, netted into buckets, identified to species, checked for 
anomalies, enumerated, and released.  
Catchment Integrity Assessments 
Land cover was quantified for each nested catchment of the Tuckahoe Creek watershed 
using digitized aerial images from 1953 and satellite images from 1990 and 2014. Assessments 
were performed using ArcGIS/ArcMap version 10.2 (Environmental Systems Research Institute, 
Inc.), QGIS version 2.4 (QGIS open source software), and ERDAS Imagine 2015 (Hexagon 
Geospatial). 
  Digital Elevation Models (DEMs) with a scale of 1:24,000 were downloaded from U.S. 
Geological Survey (USGS) (U.S. Geological Survey-Digital Elevation Models, 2014). DEMs 
were processed using the hydrology toolset in ArcMap to correct for depressions (sinks) and to 
calculate flow direction and accumulation. The five Tuckahoe Creek sites (site A-D and site F) 
were brought into ArcMap as points occurring at the lowest portions of the sampled stream 
reaches for modeling purposes. Catchments (Figure 3) were delineated using each site as a “pour 
point” with the hydrology toolset. All geographic information system (GIS) data were set to the 
North American Datum 1983/Virginia Lambert Conic Conformal Projection (NAD 83/Virginia 
Lambert).  
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Aerial photos from 1953 were obtained from the Henricopolis Soil Water and 
Conservation District and the Monacan Soil and Water Conservation District in Virginia. The 
photos were scanned, imported into QGIS, and georeferenced to 2014 satellite imagery using the 
NAD 83/Virginia Lambert projection. The georeferenced imagery was mosaicked in ArcMap 
using the mosaic tool and a polygon of the Tuckahoe Creek watershed was used to clip the 
mosaicked image (Figure 4). All five catchments (A – D and F) of the Tuckahoe Creek 
watershed were also clipped in ArcMap.   
Landsat 5 TM and Landsat 8 OLI/TIRS satellite imagery were acquired from the USGS 
Earth Explorer website (United States Geological Survey-Earth Explorer, 2014) for 1990 and 
2014, respectively. The imagery from 1990 was from late May and the imagery from 2014 was 
from early June. The images were free of clouds and other atmospheric disturbance. The Landsat 
5 TM imagery for 1990 was pre-processed using ERDAS Imagine as follows: image was 
atmospherically and radiometrically corrected (digital numbers to top of atmosphere reflectance), 
spectral bands from the corrected image were stacked into a seven layer multispectral image, and 
catchment areas for each site were clipped using a shapefile developed from the watershed 
delineation process. Landsat 8 OLI/TIRS imagery was obtained for 2014 and was pre-processed 
in the same manner as the Landsat 5 TM imagery; however, the 2014 imagery was also pan 
sharpened with the panchromatic band to produce ground spatial resolution of 15 meter pixels. 
The 1990 and 2014 images were clipped in ArcMap to obtain a final satellite image for each 
catchment of the Tuckahoe Creek watershed (Figure 5, Figure 6).  
The land cover data for each year were quantified into five classes: natural land cover 
(e.g. deciduous forest, evergreen forest, shrub and scrub, wetlands, etc.), agriculture/non-natural 
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land cover, roads, other ISA (e.g. commercial and residential development), and water. Roads 
and other ISA were combined to assess total ISA within a catchment.  
For the 1953 aerial photography, polygons were manually drawn around features 
according to a visual assessment of class type in ArcMap. A polyline was drawn in the middle of 
each roadway, and then buffered to 10 meters. Ten meters was an estimate based on measuring 
road width throughout the watershed using the measuring tool in ArcMap. The five land cover 
classes were merged into one shapefile to create a final classification for the 1953 aerial photos. 
Satellite images from 1990 and 2014 were assessed in ArcMap utilizing a supervised 
classification approach. Training data were selected for each class, except roads, and classified 
via a maximum likelihood supervised classification. Road shapefiles were obtained from U.S. 
Census TigerLines and buffered to 12 meters total width per two lanes of road, which is an 
estimate based on road width via the work of Tiner (2004) (United States Census Bureau, 2015). 
The final classifications were converted to a vector format (shapefile). Shapefiles from the 
National Land Cover Dataset (NLCD) were also used as ancillary data to help correct 
classification issues on an as needed basis (i.e. areas that did not look correctly classified were 
compared to NLCD data as a reference and manually changed as needed). An accuracy 
assessment was performed for each year (Appendix 1). 
Landscape indices from the Index of Terrestrial Integrity (ITHI) (Tiner, 2004) and 
Virginia Watershed Integrity Model (VWIM) (Virginia Department of Conservation and 
Recreation, 2015) were calculated using the digitized aerial images from 1953 and the classified 
remotely sensed images from 1990 and 2014. The landscape indices represent the landscape 
integrity of a watershed by assessing the amount of natural vegetation and ISA within the 
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watershed (Tiner, 2004; Virginia Department of Conservation and Recreation, 2015). These 
landscape indices are an important approach to assessing watershed integrity at different spatial 
scales because they incorporate “site-specific, field-derived metrics and landscape-level 
properties” which go beyond the scope of traditional approaches (Tiner, 2004). The following 
indices were included: Natural Cover Index (percent of watershed that is natural cover), River 
Stream Corridor Index (percent of the 100 meter riparian zone that is natural cover), Habitat 
Fragmentation/Road Index or HFRI (percent of watershed that is covered by roads * road 
multiplier of 6.5), and the Imperviousness Index (percent of watershed that is ISA, less roads). 
The road multiplier for the HFRI was computed by finding the densest percentage of road area in 
the region (around 15 percent in the Northern Virginia region) and multiplying that percentage to 
a maximum value of 1.0 (or 100%), which makes the HFRI have the same maximum value as 
the other metrics in the model. Every catchment of Tuckahoe Creek was scored for all three time 
periods (1953, 1990, and 2014) as follows: (ITHI = Natural Cover Index * 0.75) + (River Stream 
Corridor Index * 0.25) – (Habitat Fragmentation Road Index * 0.25) – (Imperviousness Index * 
0.25). ITHI values can range from -0.5 to 1.0 using these four indices, 1.0 being the maximum 
value or highest landscape integrity value.    
Image classification results from 2014 were also used to assess areas within the 
watershed that are of high ecological importance across the land and multiple inputs for this 
calculation were based on the VWIM (Virginia Department of Conservation and Recreation, 
2015). The VWIM is based on Tiner’s (2004) ecological indices and uses a set of remotely 
sensed indicators to assess the integrity of the natural habitat within a watershed and the 
ecological condition of a watershed by attributing higher scores to important ecological areas 
within a watershed (Virginia Department of Conservation and Recreation, 2015). The following 
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inputs were used for this assessment: 100 m buffered areas around headwater streams (called 
Area Greater than Average Slope in the VWIM), Virginia Natural Landscape Assessment 
ecological cores (Virginia Department of Conservation and Recreation, 2015), 
streams/shorelines and floodplains, and the index of terrestrial integrity (Tiner, 2004). The final 
model was developed in ArcMap by calculating a weighted score of the natural habitat integrity 
inputs for each individual 15 meter pixel of each catchment area. The pixel values were weighted 
as follows: (ITHI value * 0.5) + (Ecological Cores * 0.2) +( Headwater Streams * 0.15) + 
(Streams, Shorelines and Floodplains * 0.15). Final pixel values were converted to a scale of one 
to five. The pixel scores range from a high integrity level of five to a low integrity level of one. 
Each Tuckahoe Creek catchment (catchments A-D and F) was analyzed for 2014.  
Statistical Methods 
 Fish collections were used to assess a variety of fish assemblage structure metrics (e.g. 
species richness, native richness, species composition, similarity, tolerant/non-tolerant 
individuals and species, native/non-native individuals and species, feeding and reproductive 
guilds, etc.). Final results were compared and statistically tested across each year that collections 
were sampled (1958, 1990, and 2014). Quantified land cover data (e.g. ITHI value, percent 
natural cover, percent ISA, etc.) were assessed for each catchment to discover landscape changes 
over the study periods. The Wilcoxon signed-rank test, with a significance level of 0.05 (α = 
0.05), was chosen to assess change, because data were not assumed to be normally distributed 
and sample sizes were small. Correlation analyses between land cover change metrics and fish 
assemblage structure metrics were performed using Spearman’s rank correlation (α = 0.05). All 
statistical analyses were performed using JMP Pro version 11 software.   
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Regional Catchments 
  Twenty-one catchments from the Coastal Plain and Piedmont regions of the Chesapeake 
Bay Watershed in Virginia were assessed for this part of the study (Table 1). All of the 
catchments were within 70 kilometers of the fall line and contained non-tidal streams (Figure 7). 
Ten catchments were in the Piedmont region, seven catchments were in the Coastal Plain region, 
and four catchments were on the fall line (three of which are mostly in the Coastal Plain region 
and one mostly in the Piedmont region).  
 Catchments in the Coastal Plain study area were located as far north as Falmouth, 
Virginia (just north of Fredericksburg) and as far south as Richmond, Virginia with seven 
catchments draining into the Rappahannock River, one catchment draining into the James River, 
one catchment draining into the York River, and one catchment draining into the Piankatank 
River (Figure 7).  
The Coastal Plain of this region is relatively flat with rolling terrain that has deeply 
incised stream valleys in the northwest and broader stream valleys in the east (Krstolic and 
Chaplin, 2007). Elevation ranges from roughly 75 meters in the western coastal plain to sea level 
at the Atlantic Ocean (Krstolic and Chaplin, 2007). The forest is mostly loblolly pine-hardwood 
or mixed pine and wetlands (e.g. coastal marshes, bottomland hardwood forests, pocosins, etc.) 
are common (Virginia Wildlife Action Plan, 2015). Most streams in this region of the Coastal 
Plain are small to moderate in size with low flow rates, and the soils are mostly deep, moist 
Aquults and Aqualfs (Virginia Wildlife Action Plan, 2015). Rainfall averages 110 centimeters 
per year with average temperatures ranging from 13o C to 40o C (Virginia Wildlife Action Plan, 
2015). The coastal plain is the second most populous region of Virginia but has the highest 
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population density with roughly 123 people per square kilometer (Virginia Wildlife Action Plan, 
2015).  
 Catchments in the Piedmont study area were located as far north as Middlesburg, 
Virginia and as far south as Culpeper, Virginia with nine catchments draining into the Potomac 
River and two catchments draining into the Rappahannock River (Figure 7). The Piedmont of 
this area is mostly rolling hills with mountains in the west that transition to the lower, flatter 
coastal plains at the fall line in the east (Virginia Wildlife Action Plan, 2015). Elevation ranges 
from roughly 300 meters near the Blue Ridge Mountains to roughly 50 meters at the fall line 
with oak-hickory forest dominating the northern region (Virginia Wildlife Action Plan, 2015). 
The streams in this area of the Piedmont are typically small to moderate in size with low to 
moderate flow rates and roll over resistant bedrock (metamorphic and igneous rock) to sediments 
that are more easily eroded near the coastal plain (Krstolic and Chaplin, 2007; Virginia Wildlife 
Action Plan, 2015). The soils are mostly Udults with argillaceous or loamy subsoil. The average 
rainfall is anywhere from 114 to 140 centimeters per year and the average temperature ranges 
from around 14o C to 18o C (Virginia Wildlife Action Plan, 2015). The piedmont region is the 
most populous region of the state with the second highest population density (around 79 people 
per square kilometer), those higher density areas being from Northern Virginia southward to 
Richmond, Virginia (Virginia Wildlife Action Plan, 2015).  
Instream Site Assessments 
 Twenty-one stream reaches across the Coastal Plain and Piedmont regions of the 
Chesapeake Bay Watershed in Virginia were sampled for the regional assessment portion of this 
study. Fifty-one total stream reaches were assessed in 2014 by VCU as part of a healthy waters 
and Interactive Stream Assessment Resource project. The 21 sites that had previously been 
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sampled from 1995 to 1999 were selected for this study (Virginia Commonwealth University, 
2014). These sites were selected because data collected from 1995 to 1999 had relatively healthy 
instream fish communities and the data were expected to pair somewhat synoptically with the 
remotely sensed data from 1997.  
 The field sample protocols in 2014 and 1995-1999 utilized the same type of equipment, 
the same methods, and mostly the same personnel. Methods and protocols for fish collection and 
fish community analyses were identical to those used for the Tuckahoe Creek study (see the 
Tuckahoe Creek Study Sites and Methods section above) except that change assessments were 
performed over two time periods instead of three time periods.   
Catchment Integrity Assessments 
The regional assessment portion of this study only assessed change from the 1990s to 
2014 so satellite imagery was used for all land cover classifications. Three Landsat 5 TM images 
(three were needed to cover the entire study area) from July were obtained for 1997 and three 
Landsat 8 OLI/TIRS satellite images from late May or early June were obtained for 2014. The 
same image classification and watershed integrity methodologies used in the Tuckahoe Creek 
assessment were used for this regional assessment. For a further review, please reference the 
Tuckahoe Creek Study Sites and Methods section above.  
Statistical Methods 
 Statistical methodologies were identical to the methodologies used in the Tuckahoe 
Creek assessment. For a further review, reference the Tuckahoe Creek Statistical Methods 
section above. 
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Results 
Tuckahoe Creek 
Integrity of Catchments 
 Land cover image classification results revealed that catchment F (the largest catchment 
studied and representative of the entire study area) of the Tuckahoe Creek watershed was 
dominated by high levels of ISA and low levels of natural cover in 2014 (Table 2). Catchment F 
contained 47% ISA, 33% natural cover, and 20% agriculture/non-natural land cover. Water 
(lakes and ponds) covered less than 1% of the catchment. The riparian zone (100 meter buffer 
around hydrology lines) was comprised of 34% ISA, 46% natural cover, 18% agriculture/non-
natural land cover, and less than 3% water. Road fragmentation (intersections where the road 
crosses over a stream) occurred 2.6 times per square km. The final ITHI value was 0.14 (Table 
2).  
Catchments A through D (Figure 3) were associated with lower levels of ISA but higher 
levels of agriculture/non-natural land cover than catchment F (Table 2). ISA was still high at 
these sites though and ranged from 24% to 28%. Natural cover ranged from 32% to 39% and 
agriculture/non-natural land cover ranged from 33% to 42%. The riparian zones were associated 
with lower levels of ISA (6% to 8%), higher levels of natural cover (55% to 64%), and higher 
levels of agriculture/non-natural cover (28% to 35%) than catchment F. Road fragmentation 
ranged from 1.3 to 1.7 times per square kilometer, and ITHI values ranged from 0.24 to 0.28 
(Table 2). 
Results from Wilcoxon signed-rank tests indicate multiple significant changes over the 
study period (Table 3). From 1953 to 1990, the landscape was converted from natural cover and 
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agricultural cover to ISA, with an overall increase in ISA of 28%. ISA increased by an average 
of 12% (p-value < 0.05) and natural cover decreased by an average of 9% (p-value < 0.05) across 
all five catchments. Natural cover in riparian zones was also converted into ISA as ISA increased 
by a total of 24% in the entire study area and an average of 10% (p-value < 0.05) across the five 
catchments. During this period of time there was also a high increase in road fragmentation with 
the occurrences of road fragmentation increasing by roughly 1.4 times per square kilometer and 
averaging an increase in one time per square kilometer (p-value < 0.05) across the five 
catchments (Table 3). Overall, the ITHI value decreased by an average of 0.14 across the five 
catchments (p-value < 0.05) with the entire study area (catchment F) showing a decline in ITHI 
value from 0.71 to 0.34 (Figure 8, Figure 9).  
From 1990 to 2014, there were also significant changes in the landscape of the Tuckahoe 
Creek watershed (Table 3). ISA increased by an average of 16% across all five catchments (p-
value < 0.05) and natural cover decreased by an average of 11% across all five catchments (p-
value < 0.05). The riparian zones were significantly altered but road fragmentation did not 
increase by much (Table 2). The ITHI value decreased by an average of 0.15 across all five 
catchments (p-value < 0.05) and the entire study area decreased by over 0.20 in ITHI value 
(Figure 9, Figure 10).   
Over the course of the entire study period (1953 to 2014), catchments of the Tuckahoe 
Creek watershed were significantly altered (Table 3, Figure 8, Figure 10).  The ITHI decreased 
by 0.60 overall with an average decrease of 0.30 across all five catchments (p-value < 0.05). ISA 
increased from 2% to 47% throughout the whole study area and averaged a 27% increase across 
all five catchments (p-value < 0.05). Natural cover decreased from 73% to 33% by 2014 and 
decreased by an average of 21% across all five catchments (p-value < 0.05). Riparian zones were 
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significantly altered as well (Figure 11) and road fragmentation occurrences almost quadrupled 
per square kilometer.  
Overall, land cover in the Tuckahoe Creek watershed has been dramatically altered in the 
61 years studied and throughout the three time periods of observation. The largest increases in 
ISA occurred in the Henrico County side of the watershed and catchment F was covered in over 
46% ISA by 2014 (Figure 12). All five catchments were either close to or over 10% ISA by 1990 
and over 20% ISA by 2014.  
These results indicate that a vast majority of the southeastern side of the Tuckahoe Creek 
watershed (Henrico County side) has been converted from natural cover to ISA. The Goochland 
County side of the watershed had high amounts of agricultural cover in 1953 with some 
conversion of agricultural lands to ISA by 2014. The Goochland County side did have significant 
conversions from natural cover to ISA, however, the Henrico County side of the watershed had 
much more land converted to ISA (Figure 12).      
 The watershed integrity model results ranged from very low integrity to moderate 
integrity throughout the Tuckahoe Creek watershed (Figure 13). The majority of areas within the 
watershed scored below two with a few moderate areas (score of three) near headwater streams 
and natural cover.   
Fish Assemblage Structure 
 In the summer of 2014, 612 individual fishes were collected at all five stream reaches 
representing 10 families and 32 species (Table 4). Centrarchidae, Cyprinidae and Poeciliidae 
were the most common families in the fish community comprising 59%, 12%, and 10% of total 
fishes collected, respectively. Bluegill and Eastern mosquitofish were the most common species 
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in the fish community comprising 37% and 10% of total fishes collected, respectively. Bluegill 
was the most abundant species with 229 sampled (108 just at site F). Bluegill, occurring in all 
five instream sites, and Eastern mosquitofish, occurring in four of the sites, were the most 
frequently sampled species. Species richness ranged from 9 (site D) to 17 (site C) and native 
richness ranged from 7 (site D) to 13 (site C).  
The 2014 collection represented 32 species compared to 23 in 1990 and 31 in 1958 
(Table 4). Ten families were represented in the 2014 and 1958 collections, with nine families 
represented in the 1990 collection. Centrarchidae and Bluegill were the most common family and 
species of total fish sampled in 1990 and 2014. Common shiner was the second most common 
species in 1990. In 1958, Cyprinidae represented the most common family (38%) and Johnny 
darter represented the most common species (20%). Bluegill, Bluehead chub, and Common 
shiner were also quite common in the 1958 fish community.  
 Eight new species (White catfish, Creek chub, American shad, Gizzard shad, Redear 
sunfish, Green sunfish, Black crappie, and Bowfin) were collected in 2014 (absent in both the 
1958 and 1990 collections). Swamp darter, Mountain redbelly dace, and Pirate perch were 
collected in 1958 and 1990 but were absent in the 2014 collection. Eight species (Eastern 
mudminnow, Eastern silvery minnow, Yellow bullhead, Brown bullhead, Rosyface shiner, 
Satinfin shiner, Stripeback shiner, and Fallfish) were collected in 1958 but were not collected in 
1990. Stripeback darter, Rosyface shiner, Satinfin shiner, and Fallfish were collected in 1958 but 
they were absent in both the 1990 and 2014 collections, which could mean these species have 
been extirpated from the Tuckahoe Creek watershed or are in such low numbers that they were 
not sampled (Table 4).    
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Results from Wilcoxon signed-rank tests indicated multiple significant changes in fish 
assemblage structure over the entire study period of 1958 to 2014 (Table 5, Table 6). Across all 
five catchments native richness declined from an average of 16 to 11 (p-value < 0.05), the 
percentage of native species declined from an average of 92% to 79% (p-value < 0.05), also the 
percent of native individuals declined from an average of 77% to 57% (p-value < 0.05). The 
percentage of intolerant individuals declined by 11% (p-value < 0.05) as the percentage of 
tolerant individuals increased by 13% (p-value < 0.05). The percentage of the community 
represented by darter species (family Percidae) declined from 20% to 5%, but the percentage of 
introduced sunfish increased from 19% to 50% (p-value < 0.05). The feeding and reproductive 
guilds were altered with benthic insectivores decreasing from 28% to 13% (p-value < 0.05). 
There were also some significant changes found from 1958 to 1990 (Table 5). The 
percentage of native individuals declined from 77% to 53% (p-value < 0.05), native richness 
declined from 16 to 8 (p-value < 0.05), and species richness declined from 17 to 10 (p-value < 
0.05). The percentage of intolerant individuals declined from 12% to 3% (p-value < 0.05). The 
percentage of omnivores declined from 10% to 2% (p-value < 0.05), showing some change to the 
trophic guilds.   
There was only one statistically significant change in fish assemblage structure from 
1990 to 2014 (Table 5), which was an increase in the percentage of omnivores from 2% to 12% 
(p-value < 0.05).  
 Fish assemblage structure has changed over the long-term study of the five catchments in 
the Tuckahoe Creek watershed, whether assessing changes from 1958 to 1990 or 1958 to 2014 
(Table 6). The fish communities have decreased in intolerant species and intolerant individuals, 
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decreased in native species and native individuals, and declined in species richness and native 
richness. There were fewer darter species and sucker species collected but more species of 
sunfish and introduced sunfish were collected. The community declined in the percentage of 
individual benthic insectivores, but increased in the percentage of individual generalist 
invertivores. Significant changes in fish assemblage structure were not found from 1990 to 2014.  
Integrity of Catchments and Fish Assemblage Structure 
 Results from Spearman’s rho tests indicated multiple correlations between fish 
assemblage metrics and quantified land cover metrics. Jaccard’s community similarity 
coefficient was negatively correlated to decreases in riparian zone natural cover (P = -0.900, p-
value < 0.05) and to increases in riparian zone ISA (P = -0.900, p-value< 0.05), meaning that fish 
communities were less similar as alterations to the riparian zone occurred at higher levels (Figure 
14).  
 The percentage of intolerant individuals declined from 1958 to 2014 with negative 
correlations to decreasing ITHI values (Figure 15) (P = -0.900, p-value < 0.05), decreases in 
riparian zone natural cover (P = -1.0, p-value < 0.01), increases in riparian zone ISA (P = -1.0, p-
value < 0.01), and increases in road fragmentation (P = -0.900, p-value < 0.05). The percentage 
of native species showed marked declines from 1958 to 2014 with negative correlations to 
decreases in ITHI scores (P = -0.900, p-value < 0.05), decreases in riparian zone natural cover (P 
= -1.00, p-value < 0.01), increases in riparian zone ISA (P = -0.900, p-value < 0.05), and 
increases in road fragmentation (P = -0.900, p-value < 0.05).  
 From 1958 to 1990, the percentage of intolerant individuals decreased with negative 
correlations to decreases in ITHI scores (P = -1.0, p-value < 0.01), decreases in natural cover (P 
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= -1.0, p-value < 0.01), increases in riparian zone ISA (P = -1.0, p-value < 0.01), and decreases 
in riparian zone natural cover (P = -0.900, p-value < 0.05).  
 There was only one correlation between land cover metrics and fish assemblage metrics 
from 1990 to 2014. The percentage of individual piscivores declined with a negative correlation 
to increasing ISA (P = -1.0, p-value < 0.05).  
 There were also some interesting findings when comparing the changes to fish 
assemblage structure at site F to the changes in the catchment of site F. The catchment for site F 
represented the entire study area, the other four catchments being nested inside of it. However, 
site F was the only sampled stream reach below the heavily altered landscape of Goochland 
County (Figure 12). Over the course of the entire study period (1953-2014), catchment F had: the 
largest decrease in the ITHI (57% lower), the largest increase in ISA (44% higher), the highest 
loss of natural cover (40 % loss), the highest increase in road fragmentation (1.9 per square 
kilometer more), the highest loss of riparian natural cover (34% loss), and the highest increase in 
riparian ISA (33% more) (Table 2). Site F also showed the lowest similarity in fish assemblage 
structure (Jaccard’s similarity coefficient was 0.24), the worst decrease in percentage of native 
species (18% less), the worst decrease in percentage of native individuals (22% less), and the 
worst decrease in percentage of intolerant individuals (23% less) (Table 6).  
 Overall, these results show that there were correlations between land cover changes and 
changes in fish assemblage structure over the long-term study periods. However, correlations 
between these variables could not be validated over the short-term study from 1990 to 2014.   
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Regional Catchments 
Integrity of Catchments 
 Land cover classification results for 2014 revealed that the 21 catchments averaged 44% 
natural cover with a range of 9% to 89% (Table 7). Average ISA was 29% with a range from 5% 
to 90%. The average agriculture/non-natural land cover was 27% with a range from 0% to 57%. 
Road fragmentation occurred an average of 1.5 times per square kilometer and ranged from 0.3 
to 4.3 times per square kilometer. Riparian zones averaged 57% natural cover (ranged from 25% 
to 93%), 21% ISA (ranged from 2% to 74%), and 21% agriculture/non-natural land cover 
(ranged from 0% to 59%) (Table 7). The ITHI averaged 0.35 and ranged from -0.27 to 0.86 
(Table 7, Appendix 2). 
The ITHI declined from 1997 to 2014 for all 21 catchments studied in the regional 
assessment with an average ITHI decrease of 0.13 (p-value < 0.01) across all 21 catchments 
(Table 8, Figure 16). The ITHI was below 0.50 for 13 of the 21 catchments in 1997 and two 
catchments had ITHI values below 0.20 (A22208 = - 0.129 and E20006 = 0.113) in 1997 (Table 
7). The most substantial decline in ITHI value was a decrease of 0.20 (catchment A11224), and 
the least substantial decline occurred in catchment E09203 (decrease of less than 0.10). Only one 
catchment (A26009) had an ITHI value above 0.80 in 2014 and only six catchments had an ITHI 
value above 0.50 (Figure 16).  
 There were many significant changes to the landscape from 1997 to 2014 in the 21 
regional catchments (Table 8, Appendix 2). Overall, natural cover declined by an average of 
13% (p-value < 0.01) as ISA increased by an average of 6% (p-value < 0.01) and agricultural 
land cover increased by an average of 7% (p-value < 0.01) across all 21 catchments. Riparian 
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zones decreased in natural cover by an average of 6% (p-value < 0.01) and increased in ISA by 
an average of 5% (p-value < 0.01) across all 21 catchments (Table 8). Road fragmentation was 
only slightly higher in 2014. The coastal plain and piedmont catchments showed similar average 
changes when assessed separately, indicating that both physiographic regions were changing in a 
similar fashion.  
 The results indicate that there were significant changes in the landscape from 1997 to 
2014 across the 21 catchments studied (Table 8); however, ITHI results revealed that the average 
catchment integrity was already poor to moderate in 1997 with an average ITHI value of 0.48 
(Figure 16). This result is based on the fact that most of these catchments were near or over 10% 
ISA by 1997 with a few catchments over 50% by 1997. Although there was a large range in 
these land cover metrics, the overall trend was a conversion of natural cover to ISA in the 
regional catchments from 1997 to 2014.     
The results from the 2014 watershed integrity model ranged from a few catchments with 
high levels of watershed integrity to a few catchments with very low watershed integrity 
(Appendix 3). Low to moderate watershed integrity results were found for the majority of the 21 
catchments.   
Fish Assemblage Structure 
 In the summer of 2014, 3,240 individual fish were collected representing 11 families and 
53 species across all 21 catchments (Table 9). Cyprinidae was the most common family 
comprising 44% of total fish collected and Centrarchidae was the second most common family 
comprising 27% of total fish collected. Bluegill, American eel, and Fallfish were the most 
common species comprising 11%, 10%, and 10% of total fish collected, respectively. Bluegill 
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was the most abundant species with a total of 364 collected. Tessellated darter and Bluegill were 
the most frequently collected species occurring in 91% and 67% of site locations, respectively. 
Species richness ranged from 7 to 19, and native richness ranged from 5 to 16 across all 21 
catchments. Overall, the 2014 fish community contained an average of 82% native species and 
79% native individuals. Feeding and reproductive guilds consisted of mostly generalists 
invertivores (64%), followed by omnivores (17%) and benthic insectivores (17%) (Table 10).  
In the 1995-1999 collection, 4,370 fish were collected representing the same 11 families 
as the 2014 collections and 49 species were sampled. Cyprinidae and Centrarchidae were the two 
most common families in the 1995-1999 collection but Blacknose dace and Pirate perch were the 
most common species at 10% and 8% respectively. Torrent sucker, Rock bass, Banded sunfish, 
and Mountain redbelly dace were not sampled in the 1995-1999 collection, but they were 
sampled in 2014. Redear sunfish, Smallmouth bass, Black crappie, Rosyface shiner, Swamp 
darter, and Shield darter were not collected in 2014, but they were collected in the 1995-1999 
collection.  
Over the course of the study period there were some significant changes in fish 
assemblage structure (Table 11). The percentage of tolerant individuals increased by an average 
of 16% (p-value < 0.05) across all catchments, and the percentage of native individuals 
decreased by an average of 15% (p-value < 0.01) across all catchments. The percentage of 
benthic insectivores decreased by an average of 18% (p-value < 0.01) as the percentage of 
generalist invertivores increased by an average of 15% (p-value < 0.01) across all 21 catchments 
(Table 11). There were no other significant changes found when assessing fish assemblage 
metrics in the regional catchments.   
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The 21 catchments were similar in fish assemblage structure over the course of this study 
period but there were a few changes in fish assemblage structure. Overall, the fish collections 
from both time periods showed a similar community in regards to family, as Cyprinidae and 
Centrarchidae were the most common families for both study periods. There were some changes 
in the percentage of native individuals and tolerant individuals and there were some shifts in the 
representative trophic guilds of these communities.    
Integrity of Catchments and Fish Assemblage Structure 
 The landscape of the regional catchments has been significantly altered in a variety of 
ways, but only a few changes in fish assemblage structure were discovered. The data could not 
verify any significant correlations between changes in land cover and changes in fish assemblage 
structure in the 21 regional catchments assessed.  
Discussion 
Tuckahoe Creek Catchments 
 As Hynes (1975) said, “In every respect, the valley rules the stream.” A multitude of 
studies have validated that idea over the past few decades with results concluding that 
environmental quality and aquatic biotic integrity are strongly associated with changes in land 
use and land cover in the surrounding catchment (Karr, 1981; Nilsson, 2003; Hong, 2011; 
Snyder, 2005; Tiner, 2004). The conversion of natural land cover and vegetated agricultural land 
to ISA has become a prevalent form of land use/land cover change and this type of alteration to 
the landscape has negative effects on water quality and aquatic biota (Helms and Feminella, 
2005; Wang and Lyons, 2003). Anthropogenic alterations lead to less natural cover and 
increased ISA within a watershed; this can cause physiochemical alterations from increases in 
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magnitude and frequency of flood discharge and the increased delivery of sediments, nutrients, 
pesticides, organic contaminants, and metals to instream communities (Orrego, 2009; Helms and 
Feminella, 2005). Fish assemblage structure may change as a result of these alterations shifting 
from a community comprised mostly of native, intolerant species to a community with increased 
invasive, tolerant species or shifting towards feeding and reproductive guilds with higher 
percentages of generalists (Helms and Feminella, 2005; Walters, 2003).  
 The Tuckahoe Creek watershed has seen a change in land cover and corresponding 
changes in fish assemblage structure over the past five decades. These results are in accordance 
with the many studies associating alterations of the landscape to changes in fish assemblage 
structure. The Tuckahoe Creek watershed has been drastically altered by anthropogenic influence 
with the conversion of natural land cover to ISA. Fish assemblage structure has also significantly 
changed as the fish community has: increased in the percentage of tolerant individuals, decreased 
in the percentage of native individuals and native species, decreased in species richness and 
native richness, shifted in species dominance, and shifted in the composition of the trophic 
guilds. These changes may be related to physiochemical fluctuations (e.g. water flow, channel 
morphology, etc.) resulting from the anthropogenic alterations to the landscape and stream; 
however, a direct, causal relationship may not be inferred as the direct physiochemical 
alterations were not measured. Overall, our hypothesis that there would be a correlation between 
changes in fish assemblage structure and changes in land cover holds true over the long-term 
studies of the Tuckahoe Creek watershed. However, no correlations were found when assessing 
changes from 1990 to 2014 in the Tuckahoe Creek watershed.    
 ISA increased throughout each catchment of the Tuckahoe Creek watershed at very high 
levels. ISA was around 3% or lower for every Tuckahoe Creek catchment in 1953. By 1990, 
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every catchment was near 10% or over 10% ISA and numerous studies have indicated that a 
possible threshold towards aquatic biotic degradation exists near 10% ISA (Cleapcott, 2012; 
Wang, 2001; Schuler, 2009). Some studies have indicated that negative effects to fish 
communities occur at even lower levels of ISA (Cleapcott, 2012). This is interesting because 
major changes to the fish community of the Tuckahoe Creek watershed were already present by 
1990 when ISA levels were already high. By 2014, the average ISA was over 20% across all five 
catchments and the ISA of the entire study area was above 46%. The rapid increase of ISA from 
1990 to 2014 could prove to be very detrimental to the fish community if the rate of 
anthropogenic alterations to the landscape continues in a similar fashion. Surprisingly, there were 
not many correlations directly between ISA and fish assemblage metrics, however, the ITHI 
value is based heavily on ISA and natural cover and correlations were found between many fish 
assemblage metrics and ITHI values.  
 The riparian zones in the Tuckahoe Creek watershed were also altered during every time 
period studied. From 1958 to 2014 ISA increased from 2% to 39% and natural cover decreased 
from 79% to 58%. Riparian zones are extremely important in maintaining ecological integrity of 
aquatic systems, because riparian zones trap sediments, stabilize stream banks, regulate stream 
flow and temperature, provide shade, cycle nutrients, attenuate floods, and purify the water 
(Meeks, 2009; Frenkel, 1984). Riparian zones are the last remaining areas of natural habitat in 
many altered landscapes, especially when changes in the land are heavily influenced by 
anthropogenic activities (Meeks, 2009). It is important to preserve, protect, and rehabilitate 
riparian zones, especially in a watershed like Tuckahoe Creek, because the landscape outside of 
the riparian zones has already been dramatically transformed.  
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 The results for the lowest site in the Tuckahoe Creek watershed (site F) before reaching 
the James River further validate an association between anthropogenic alterations to the 
landscape and changes in fish assemblage structure. Site F was the only sampled stream reach 
downstream from the heavily urbanized area of Henrico County (Figure 12) and showed the 
most significant changes in many fish assemblage metrics. The catchment for site F showed the 
most significant, negative changes to all of the land cover metrics as well. Henrico County has 
seen major development over the past few decades which is the reason for such a dramatic 
increase in ISA. The western portion of the Tuckahoe Creek watershed in Goochland County 
also had significant increases in ISA, especially from 1990 to 2014, but those increases were not 
nearly as high as the increases in Henrico County. If Goochland County continues to develop 
across the Tuckahoe Creek watershed, then there is a possibility that the fish assemblage 
structure at sites A through D will continue to decline in biotic integrity towards the levels seen 
at site F.   
 Overall, changes in fish assemblage structure were significantly altered through the long-
term study of the Tuckahoe Creek watershed and many significant changes had already taken 
place by 1990; however, not many changes in fish assemblage structure occurred between 1990 
and 2014, even though the landscape was severely altered. The percentage of Centrarchids 
(mostly Bluegill, Redbreast sunfish, and Largemouth bass) did increase from 45% to 59% from 
1990 to 2014 and many species from this family are abundant in degraded aquatic habitats 
(Helms, 2005; Karr, 1981; Weaver and Garman, 1994); however, these families were already 
making up a large portion of the fish community in 1990. There were also some changes in 
trophic guilds from 1990 to 2014 as the percent of omnivores increased by almost 10%. 
However, generalist invertivores and benthic insectivores made up the majority of the 
30 
 
community in both 1990 and 2014. There was not enough evidence to verify the hypothesis that 
changes in land cover and changes in fish assemblage structure would be correlated from 1990 to 
2014.   
Regional Catchments  
 The 21 catchments studied in the regional assessment of this project had significant 
changes in land cover from 1997 to 2014 but most of the catchments had already been altered by 
anthropogenic activities by 1997. There were multiple significant changes in land cover found 
across these catchments over the study period and some significant changes in fish assemblage 
structure were found; however, there was no correlation between the changes in fish assemblage 
structure and land cover changes so the data could not validate the hypothesis that an association 
between these two variables would exist.  
 One possibility for these results is that the fish communities in these catchments may 
have already changed and been habituated to moderate levels of degradation, a circumstance 
which would not allow for a strong correlation between the metrics assessed. In other words, the 
fish communities may have been altered from a state of high biotic integrity to a new state of 
moderate integrity before the historical samples were collected in 1995-1999. In 1997, ISA 
averaged 23% (ranged from 4% to 80%) across all 21 catchments and ISA in riparian zones 
averaged 16% across all 21 catchments (ranged from 1% to 57%). Therefore, ISA was already at 
high levels for many of these catchments and within the riparian zone buffers of these 
catchments. Previous studies have emphasized community change as possibly being gradual with 
“sudden steps” to a new state of integrity in the community structure (Matthews, 2013; Holling, 
1973). If these communities already passed a threshold to a new state of moderate integrity then 
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our samples from 1995 to 1999 were too late to discover a substantial response to previous 
disturbances as the long-term data from the Tuckahoe Creek watershed showed. The land cover 
metrics may have become disengaged from changes in the fish assemblage metrics by this point. 
In other words, the fish communities may have become so adapted to moderate degradation 
levels between 1997 and 2014 that the changes in land use/land cover were no longer having 
major effects on the fish communities. It is possible, however, that further alterations to the 
landscape could further impair the biotic integrity of these fish communities if the landscape 
changes cross into a severely degraded state. This is especially likely if the trends in land cover 
change continue towards further degradation to catchment integrity.   
 Another possibility for the results found in the regional study is that the fish assemblage 
structure in these catchments showed more of a stochastic nature which resulted in non-persistent 
assemblages because of differing unpredictable environments at different catchments. Previous 
studies have maintained a stochastic view on fish community response, a view which holds that 
changes to fish communities may result from unpredictability instead of movements around a 
stable equilibrium (Grossman, 1982). The sample sites were all relatively close to the fall line in 
Virginia but they were mixed between the Piedmont and Coastal Plain. It is possible that these 
different physiographic regions added to more unpredictable results. However, the sites and 
catchments were separated by physiographic region and briefly assessed. There did not seem to 
be any noteworthy differences between the two regions.  
Tuckahoe Creek Catchments and Regional Catchments 
An interesting finding when assessing both of these studies together is the similarity 
between changes from the 1990s to 2014. The regional catchments from this study did not show 
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any significant correlation to changes in land cover and changes in fish assemblage structure 
from 1995-1999 to 2014. Also, the Tuckahoe Creek watershed did not show any significant 
correlation between these variables from 1990 to 2014. For the most part, catchment integrity 
was already low to moderate in the 1990s for both of these studies. The Tuckahoe Creek 
watershed could be experiencing a similar type of change as the regional catchments studied 
further north during this time period.  
The results from both of these studies were mixed. On one hand, the long-term study of 
the Tuckahoe Creek watershed coincided with the literature about the negative effects of 
anthropogenic alterations on aquatic biotic integrity. On the other hand, short-term results did not 
coincide with the literature. In either case, it is important for environmental managers and 
conservationists to continue studying these associations, and it is important to implement 
management approaches that conserve natural land and limit ISA, especially in riparian zone 
buffers. Some of the results in this study did not validate a correlation between changes in land 
cover to changes in fish assemblage structure, but that does not mean that degradation to the fish 
communities is not occurring. In fact, these catchments may be on the brink of crossing a new 
threshold of degradation, which could prove to be very damaging to the biotic integrity of the 
aquatic communities.  
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Tables 
Table 1 Location code, stream name, and drainage for each study site for the regional catchments.  
Location Code Stream Name Drainage 
A11224 South Fork Little Difficult Run Potomac River 
A18201 Elk Run Potomac River 
A21202 Bull Run Potomac River 
A21204 Chestnut Lick Potomac River 
A22208 Big Rocky Run Potomac River 
A23207 Castle Creek Potomac River 
A23211 Piney Branch Potomac River 
A23212 Johnny Moore Creek Potomac River 
A26009 South Fork Quantico Creek Potomac River 
C02101 Dragon Run Piankatank River 
E09203 Mountain Run Rappahannock River 
E17201 Summerduck Run Rappahannock River 
E20004 Claiborne Run Rappahannock River 
E20006 Hazel Run Rappahannock River 
E21005 Ware Creek Rappahannock River 
E21009 White Oak Run Rappahannock River 
E21010 Dicks Creek Rappahannock River 
E23005 Pantico Run Rappahannock River 
E23007 Piscataway Creek Rappahannock River 
F04202 Falling Creek York River 
G06152 Crumps Swamp James River 
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Table 2 Land cover classification results for the Tuckahoe Creek watershed (1953, 1990, and 2014).  
  Tuckahoe Creek Watershed  
  1953 1990 2014 
Land Cover Metrics A B C D F A B C D F A B C D F 
ITHI Value (scale of -0.5 to 1.0) 0.44 0.46 0.47 0.58 0.71 0.39 0.37 0.39 0.46 0.34 0.24 0.26 0.26 0.28 0.14 
Natural Land Cover (%) 47 47 48 60 73 43 41 44 52 48 32 34 36 39 33 
Total ISA (%) 3 3 3 2 3 11 9 10 12 31 27 24 25 28 47 
Agriculture (%) 49 50 49 38 24 46 50 45 36 21 41 42 39 33 20 
Road Fragmentation (per sq km) 0.5 0.6 0.7 0.7 0.7 1.3 1.3 1.6 1.5 2.2 1.3 1.3 1.6 1.7 2.6 
Riparian Natural Cover (%) 50 55 57 67 79 60 55 57 63 58 51 49 49 52 46 
Riparian Total ISA (%) 2 2 2 2 2 8 8 9 11 26 20 21 21 22 39 
Riparian Agriculture (%) 49 43 41 31 19 33 38 35 28 18 31 32 32 28 18 
 
 
 
 
 
 
 
 
 
 
 
43 
 
Table 3 Land cover change results for the Tuckahoe Creek watershed showing either increases or declines in land cover metrics over   
   each study period. Values represent the average change across all five catchments and values in bold represent statistically   
   significant results.  
  Tuckahoe Creek Watershed 
Land Cover Metrics 1953-1990 1990-2014 1953-2014 
Index of Terrestrial Integrity Value (-0.5 to 1.0) -0.14* -0.15* -0.30* 
Natural Land Cover (%) -9* -11* -21* 
Total ISA (%) 12 16* 27* 
Agriculture/Non-Natural Land Cover (%) -3 -4* -7* 
Road Fragmentation (per square km) 1* 0.1 1.1* 
Riparian Natural Cover (%) -3 -9* -13 
Riparian Total ISA (%) 10* 12* 22* 
Riparian Agriculture/Non-Natural Land Cover (%) -6 -2 -9* 
        
Wilcoxon signed-rank test (α = 0.05) 
* notates significant change (p < 0.05), ** notates significant change (p < 0.01) 
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Table 4 Number of fishes collected at each sampled site of the Tuckahoe Creek watershed (1958, 1990, and 2014). Previous samples 
were collected in 1958 by Flemer and Woolcott (1966) and in 1990 by Weaver and Garman (1994). 
Family and Species 1953         1990         2014         1953 1990 2014 
  A B C D F A B C D F A B C D F Total Total Total 
Amiidae                                     
Amia calva                                     
   Bowfin                         2   1 0 0 3 
Anguillidae                                     
Anguilla rostrata                                     
   American eel       1           1 1 1 4 6 2 1 1 14 
Esocidae                                     
Exox niger                                     
   Chain pickerel     15 28 13       1 1     5   4 56 2 9 
Umbridae                                     
Umbra pygmaea                                     
   Eastern mudminnow   1 4 2 1             2       8 0 2 
Clupeidae                                     
Alosa sapidissima                                     
   American shad                       1   2   0 0 3 
Dorosoma cepedianum                                     
   Gizzard shad                         2     0 0 2 
Catostomidae                                     
Erimyzon oblongus                                     
   Creek chubsucker   10 2 4   1 2   1         5   16 4 5 
Thoburnia rhothoeca                                     
   Torrent sucker 26 21       2         24         47 2 24 
Catostomus commersonii                                     
   White sucker 7 16 10 1   1 1       1   10     34 2 11 
Cyprinidae                                     
Notemigonus crysoleucas                                     
   Golden shiner 13 12   44 5       5     2     3 74 5 5 
Chrosomus oreas                                     
   Mountain redbelly dace 56 11 10     1                   77 1 0 
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Clinostomus funduloides                                     
   Rosyside dace 10 15 1     2 1       8 2       26 3 10 
Rhinichthys atratulus                                     
   Blacknose dace 13         1         8         13 1 8 
Cyprinella analostanus                                     
   Satinfin shiner         6                     6 0 0 
Semotilus corporalis                                     
   Fallfish 3   16   4                     23 0 0 
Semotilus atromaculatus                                     
   Creek chub                     15 2       0 0 17 
Nocomis leptocephalus                                     
   Bluehead chub 164 80 64     16 12       11 11       308 28 22 
Luxilus cornutus                                     
   Common shiner 46 108 46 15 1 82 33 1 4   9         216 120 9 
Notropis rubellus                                     
   Rosyface shiner   4 6                         10 0 0 
Hybognathus regius                                     
   Eastern silvery minnow   10 5 30 2             4       47 0 4 
Ictaluridae                                     
Ameiurus catus                                     
   White catfish                         1     0 0 1 
Ameiurus natalis                                     
   Yellow bullhead     1 1                   1   2 0 1 
Ameiurus nebulosus                                     
   Brown bullhead       5               5 2     5 0 7 
Noturus insignis                                     
   Margined madtom 1   1       2       1         2 2 1 
Aphredoderidae                                     
Aphredoderus sayanus                                     
   Pirate perch   27 40 27 10     2 1             104 3 0 
Poeciliidae                                     
Gambusia holbrooki                                     
   Eastern mosquitofish   1 31 6         8 6 1   8 12 41 38 14 62 
Centrarchidae                                     
Centrarchus macropterus                                     
   Flier       5 3       4       4   1 8 4 5 
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Pomoxis nigromaculatus                                     
   Black crappie                         1   1 0 0 2 
Enneacanthus gloriosus                                     
   Bluespotted sunfish       20 1   1   5 3       2 7 21 9 9 
Micropterus salmoides                                     
   Largemouth bass   2 1     1 2 1 3 2 1 2 29 1 9 3 9 42 
Lepomis gulosus                                     
   Warmouth   8 23       3     2     4 3 9 31 5 16 
Lepomis cyanellus                                     
   Green sunfish                       11 1     0 0 12 
Lepomis auritus                                     
   Redbreast sunfish 7 7 9 5 4   1       1 3 27     32 1 31 
Lepomis macrochirus                                     
   Bluegill 15 133 70 96 41 3 48 14 55 19 6 19 71 25 108 355 139 229 
Lepomis gibbosus                                     
   Pumpkinseed   13 10 15     3 4 2     3 7     38 9 10 
Lepomis microlophus                                     
   Redear sunfish                         2   4 0 0 6 
Percidae                                     
Percina notogramma                                     
   Stripeback darter         2                     2 0 0 
Etheostoma nigrum                                     
   Johnny darter 203 40 152 3 6 13 5 1     22 8       404 19 30 
Etheostoma fusiforme                                     
   Swamp darter       1         4 1           1 5 0 
Total 564 519 517 309 99 123 114 23 93 35 109 76 180 57 190 2008 388 612 
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Table 5 Changes in fish assemblage structure for the Tuckahoe Creek watershed showing either increases or declines in fish      
   assemblage metrics over each study period. Values represent the average change across all five stream reaches and values in   
   bold represent statistically significant results. 
  Tuckahoe Creek Watershed 
Fish Assemblage Structure Metrics 1958-1990 1990-2014 1958-2014 
Species Richness -7* 3 -4 
Native Richness -8* 3 -5* 
Native Species (%) -14* 1 -13* 
Native Individuals (%) -24* 4 -20* 
Tolerant Individuals (%) 16 -4 12* 
Intolerant Individuals (%) -9* -2 -11* 
Piscivore Individuals (%) -1 3 2 
Omnivore Individuals (%) -8* 10* 2 
Benthic Insectivore Individuals (%) -2 -13 -15* 
Generalist Invertivore Individuals (%) 35 -17 18 
Darter Individuals (%) -14 -1 -15 
Introduced Sunfish Individuals (%) 20* 11 31* 
        
Wilcoxon signed-rank test (α = 0.05) 
* notates significant change (p < 0.05), ** notates significant change (p < 0.01)   
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Table 6 Fish assemblage structure results for the Tuckahoe Creek watershed showing the amount or percentage of relevant fish   
   assemblage metrics.  
  Tuckahoe Creek Watershed  
 
1953 1990 2014 
Fish Assemblage Structure Metrics A B C D F A B C D F A B C D F 
Species Richness 13 19 21 19 14 11 13 6 12 8 14 15 17 9 12 
Native Richness 12 17 19 18 13 9 11 4 10 6 12 12 13 7 9 
Native Species (%) 92 89 90 95 93 82 85 67 83 75 86 80 76 78 75 
Native Individuals (%) 97 74 86 69 59 97 56 35 38 40 94 58 43 54 36 
Tolerant Individuals (%) 5 28 14 45 53 2 42 61 65 54 19 45 41 44 58 
Intolerant Individuals (%) 0 6 12 18 25 0 0 9 2 3 0 0 3 0 2 
Piscivore Individuals (%) 0 0 3 9 13 1 2 4 4 9 1 3 21 2 8 
Omnivore Individuals (%) 17 10 3 17 5 3 2 0 6 0 36 12 1 11 2 
Benthic Insectivore Individuals (%) 50 35 42 6 9 80 37 9 4 0 45 13 6 0 0 
Generalist Invertivore Individuals (%) 13 59 49 64 66 70 80 91 90 91 30 54 72 95 91 
Darter Individuals (%) 36 8 29 1 8 11 4 4 4 3 20 11 0 0 0 
Introduced Sunfish Individuals (%) 3 28 18 31 41 33 46 65 62 66 6 42 60 51 69 
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Table 7 Land cover results for the regional catchments showing important land cover metrics for each catchment. Values for 2014 and 
  1997 are listed with 1997 values in parentheses.  
  Regional Catchments 
Land Cover Metrics A11224 A18201 A21202 A21204 A22208 A23207 A23211 A23212 A26009 C02101 
                      
ITHI Value (-0.5 to 1.0) 
0.27 
(0.50) 
0.36 
(0.43) 
0.36 
(0.42) 
0.29 
(0.34) 
-0.27 
 (-0.13) 
0.28 
(0.38) 
0.15 
(0.36) 
0.26 
(0.39) 
0.86 
(0.91) 
0.72 
(0.83) 
Natural Land Cover (%) 41 (60) 38 (47) 44 (51) 37 (44) 9 (19) 46 (55) 36 (53) 44 (54) 89 (94) 70 (84) 
Total ISA (%) 58 (39) 7 (6) 16 (11) 22 (18) 90 (81) 46 (43) 64 (47) 56 (45) 8 (5) 6 (5) 
Agriculture (%) 0 (0) 55 (47) 40 (37) 41 (37) 0 (0) 9 (3) 0 (0) 0 (0) 3 (1) 23 (11) 
Riparian Natural Cover (%) 68 (83) 44 (54) 47 (55) 44 (51) 25 (42) 48 (58) 56 (70) 51 (63) 93 (96) 91 (96) 
Riparian Total ISA (%) 31 (15) 6 (5) 14 (10) 17 (14) 74 (57) 43 (40) 44 (30) 46 (33) 4 (3) 2 (2) 
Riparian Agriculture (%) 0 (0) 50 (40) 39 (35) 38 (34) 0 (0) 9 (3) 0 (0) 0 (0) 3 (1) 6 (1) 
 
  Regional Catchments 
Land Cover Metrics E09203 E17201 E20004 E20006 E21005 E21009 E21010 E23005 E23007 F04202 G06152 
                        
ITHI Value (-0.5 to 1.0) 
0.17 
(0.22) 
0.41 
(0.52) 
0.04 
(0.25) 
-0.04 
(0.11) 
0.72 
(0.81) 
0.38 
(0.47) 
0.46 
(0.6) 
0.51 
(0.72) 
0.60 
(0.76) 
0.27 
(0.49) 
0.49 
(0.7) 
Natural Land Cover (%) 24 (32) 45 (58) 28 (44) 20 (32) 75 (85) 40 (51) 47 (60) 47 (70) 58 (74) 30 (51) 54 (76) 
Total ISA (%) 18 (16) 10 (8) 57 (45) 70 (61) 8 (6) 16 (13) 6 (5) 6 (5) 5 (4) 17 (13) 18 (12) 
Agriculture (%) 57 (51) 45 (34) 15 (12) 10 (6) 17 (9) 43 (37) 47 (35) 46 (25) 37 (22) 52 (35) 27 (11) 
Riparian Natural Cover (%) 26 (34 ) 48 (62) 40 (59) 41 (58) 82 (88) 53 (64) 64 (82) 78 (92) 78 (92) 49 (74) 77 (89) 
Riparian Total ISA (%) 13 (11) 8 (6) 51 (35) 49 (36) 4 (4) 12 99) 4 (4) 4 (3) 2 (1) 10 (7) 9 (8) 
Riparian Agriculture (%) 59 (52) 43 (32) 9 (5) 9 (5) 13 (7) 35 (28) 32 (14) 18 (3) 18 (5) 39 (16) 13 (2) 
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Table 8 Land cover change results for the regional catchments showing either increases or declines in land cover metrics from 1997 to 
   2014. Values represent the average change across all 21 catchments and values in bold represent statistically significant   
   results.  
  Regional Catchments 
Land Cover Metric 1997 -2014 
Index of Terrestrial Integrity Value (-0.5 to 1.0) -0.13** 
Natural Land Cover (%) -13** 
Total ISA (%) 6** 
Agriculture/Non-Natural Land Cover (%) 7** 
Road Fragmentation (per square km) 0.06** 
Riparian Natural Cover (%) -12** 
Riparian Total ISA (%) 5** 
Riparian Agriculture/Non-Natural Land Cover (%) 7** 
    
Wilcoxon signed-rank test (α = 0.05) 
* notates significant change (p < 0.05), ** notates significant change (p < 0.01) 
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Table 9 Number of fishes collected at each regionally sampled stream reach for 1995-1999 and 2014. Both samples were collected by  
   the same personnel from Virginia Commonwealth University. The 1995-1999 collections are in parentheses.   
  
Catchments A11224 through C02101 
  2014 (1995-1999) collections at catchments: 
Family and Species A11224 A18201 A21202 A21204 A22208 A23207 A23211 A23212 A26009 C02101 Total 
Petromyzontidae                       
Lampetra aepyptera                       
   Least brook lamprey                 (4)   25 (11) 
Anguillidae                       
Anguilla rostrata                       
   American eel 5 (7)               13 (28) (3) 329 (127) 
Esocidae                       
Esox americanus                       
   Redfin pickerel     (4)             4 9 (5) 
Exox niger                       
   Chain pickerel                   (4) 5 (8) 
Umbridae                       
Umbra pygmaea                       
   Eastern mudminnow                   1 13 (43) 
Catostomidae                       
Catostomus commersonii                       
   White sucker (24) 22 (65) 3 (16) 13 (25) 2 9 (89) (19) 5 (1) 4 (16)   67 (283) 
Erimyzon oblongus                       
   Creek chubsucker   2 (1)     (1)       (1) 5 (9) 72 (43) 
Hypentelium nigricans                       
   Northern hog sucker   (5) (3) (14) 8 5         14 (31) 
Thoburnia rhothoeca                       
   Torrent sucker                     1 
Cyprinidae                       
Cyprinella analostanus                       
   Satinfin shiner 5                   28 (16) 
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Clinostomus funduloides                       
   Rosyside dace (68) (2)   (6) (9) 2 (16) (2) (2) 9 (52)   11 (199) 
Cyprinus carpio                       
   Common carp   8 (23) (13) (4) 5 (7) 11         71 (127) 
Exoglossum maxillingua                       
   Cutlips minnow (8)   1 (8) 4 (37) (3) 2 (4) 2 (12) (2) 13 (55)   22 (129) 
Hybognathus regius                       
   Eastern silvery 
minnow   94 (9) 4 (43) (93)             126 (167) 
Luxilus cornutus                       
   Common shiner (27)   (38) (21)   17 (28)   1 (166)   19 (285) 
Notropis amoenus                       
   Comely shiner   (11) 3 (70) (87)           (16) 3 (184) 
Notropis chalybaeus                       
   Ironcolor shiner                     50 (7) 
Notemigonus 
crysoleucas                       
   Golden shiner   1 (7)   (4)   4   1   10 26 (14) 
Notropis hudsonius                       
   Spottail shiner   38 (7) (14) (8)             175 (34) 
Nocomis leptocephalus                       
   Bluehead chub                     122 (10) 
Nocomis micropogon                       
   River chub           1         14 (6) 
Notropis procne                       
   Swallowtail shiner   5 (16) 1 (14) (18) (12) (3) 24 (14)   8 (149)   40 (249) 
Notropis rubellus                       
   Rosyface shiner   (8)                 (10) 
Pimephales notatus                       
   Bluntnose minnow   73 (20) 8 (3)   1 (14) 3 40 (26)   (25)   125 (88) 
Chrosomus oreas                       
   Mountain redbelly 
dace 1                   1 
Rhinichthys atratulus                       
   Blacknose dace 59 (92)   (1)   1 (25) 4 (92) 28 (41) (44) 6 (62)   128 (451) 
Rhinichthys cataractae                       
   Longnose dace (4)   (1) 1 41 (20) 4 (5) 20 (3) (3)     74 (41) 
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Semotilus atromaculatus                       
   Creek chub 22 (9) 2 (10) 18   (24) 9 (42) 2 (15) 16 (15) (6)   77 (133) 
Semotilus corporalis                       
   Fallfish (1) 15 (4) (10) 7 20 (19) (2)   5 (109)   314 (240) 
Ictaluridae                       
Ameiurus natalis                       
   Yellow bullhead   24 (9) 4 (5) 3 (1)   1       3 59 (27) 
Ameiurus nebulosus                       
   Brown bullhead                   (2) 5 (4) 
Noturus gyrinus                       
   Tadpole madtom                   (2) 9 (7) 
Noturus insignis                       
   Margined madtom     11 (8) 2 (12)         30 (35)   53 (60) 
Aphredodeeridae                       
Aphredoderus sayanus                       
   Pirate perch                   3 (6) 72 (355) 
Poeciliidae                       
Gambusia holbrooki                       
   Eastern mosquitofish   4                 20 (2) 
Centrarchidae                       
Acantharchus pomotis                       
   Mud sunfish                     1 (3) 
Ambloplites rupestris                       
   Rock Bass                     2 
Centrarchus 
macropterus                       
   Flier                     3 (18) 
Enneacanthus obesus                       
   Banded sunfish                   2 2 
Enneacanthus gloriosus                       
   Bluespotted sunfish                   13 31 (21) 
Lepomis auritus                       
   Redbreast sunfish   (5) (18) 1 (33) 33 (16) (2) 3   22 (70) 1 (14) 177 (222) 
Lepomis cyanellus                       
   Green sunfish 4 70 (10) 22 (8) 28 (4) 13 (9) 7 (3) 3 (8) 13 (6) 3 (8)   227 (60) 
Lepomis gibbosus                       
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   Pumpkinseed     (2) 1         3 9 (6) 16 (28) 
Lepomis gulosus                       
   Warmouth                   3 10 (7) 
Lepomis macrochirus                       
   Bluegill (14) 34 (1) 2 (9) 30 (1) 5 (2) 30 (36) (18) 106 (9) (1)   364 (151) 
Lepomis microlophus                       
   Redear sunfish   (1)               (1) (2) 
Micropterus dolomieu                       
   Smallmouth bass       (2)             (4) 
Micropterus salmoides                       
   Largemouth bass (3) 1 (13) 5 (15) 4 (3)   3 (32)   2 (3) (1)   27 (73) 
Pomoxis nigromaculatus                       
   Black crappie                     (2) 
Percidae                       
Etheostoma flabellare                       
   Faintail Darter   2 (10) 11 (52) 10 (3) 6 (12) 1 (46) 12 (14) 4 (16)     50 (154) 
Etheostoma fusiforme                       
   Swamp darter                   (3) (3) 
Etheostoma olmstedi                       
   Tessellated darter 2 (21) 7 (15) 8 (3) (10) 1 (1) 1 (39) 5 (7) 2 (2) 7 (14) (12) 151 (207) 
Percina peltata                       
   Shield darter   (1) (2) (5)             (19) 
Total 
98 
(278) 
402 
(249) 
101 
(354) 
97 
(401) 
123 
(155) 
134 
(428) 
139 
(209) 
149 
(104) 
124 
(807) 
54  
(78) 
3240 
(4370) 
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Catchments E09203 through G06152 
  2014 (1995-1999) collections at catchments: 
Family and species E09203 E17201 E20004 E20006 E21005 E21009 E21010 E23005 E23007 F04202 G06152 Total 
Petromyzontidae                         
Lampetra aepyptera                         
   Least brook lamprey     1   1 (1) 2 1 (1) 20 (5)     25 (11) 
Anguillidae                         
Anguilla rostrata                         
   American eel 25 1 37 (14) 37 (31) 48 18 (7) 77 (4) 18 (19) 47 (6) 3 (2) (6) 329 (127) 
Esocidae                         
Esox americanus                         
   Redfin pickerel                 5   (1) 9 (5) 
Exox niger                         
   Chain pickerel   (2)             1   4 (2) 5 (8) 
Umbridae                         
Umbra pygmaea                         
   Eastern mudminnow     1 (1)     3 (5) 1 (33)   4 (1)   3 (3) 13 (43) 
Catostomidae                         
Catostomus 
commersonii                         
   White sucker   (2) 5 (12) (9) (1) 4 (4)           67 (283) 
Erimyzon oblongus                         
   Creek chubsucker   4 (2) (1)   2 (5) 31 (7)   12 (3) (9) 1 15 (4) 72 (43) 
Hypentelium nigricans                         
   Northern hog sucker 1 (4) (5)                   14 (31) 
Thoburnia rhothoeca                         
   Torrent sucker 1                     1 
Cyprinidae                         
Cyprinella analostanus                         
   Satinfin shiner 18 (9) (7) 4       1         28 (16) 
Clinostomus funduloides                         
   Rosyside dace     (24)     (11) (1)     (6)   11 (199) 
Cyprinus carpio                         
   Common carp 3   2 41 (55) (16)   1 (9)         71 (127) 
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Exoglossum maxillingua                         
   Cutlips minnow                       22 (129) 
Hybognathus regius                         
   Eastern silvery 
minnow   (21)   28   (1)           126 (167) 
Luxilus cornutus                         
   Common shiner 1 (4)   (1)                 19 (285) 
Notropis amoenus                         
   Comely shiner 1                     3 (184) 
Notropis chalybaeus                         
   Ironcolor shiner                 50 (7)     50 (7) 
Notemigonus 
crysoleucas                         
   Golden shiner       3   2 (1) 4 (1) (1)   1 26 (14) 
Notropis hudsonius                         
   Spottail shiner (3) (1) 1 (1) 136               175 (34) 
Nocomis leptocephalus                         
   Bluehead chub   (5) 33 4 (1) 11 7 (4)     67   122 (10) 
Nocomis micropogon                         
   River chub 10 (6) 3                   14 (6) 
Notropis procne                         
   Swallowtail shiner (15) (3)   2 (5)               40 (249) 
Notropis rubellus                         
   Rosyface shiner (2)                     (10) 
Pimephales notatus                         
   Bluntnose minnow                       125 (88) 
Chrosomus oreas                         
   Mountain redbelly 
dace                       1 
Rhinichthys atratulus                         
   Blacknose dace   2 (2) 7 (60) 1   8 (1) 12 (31)         128 (451) 
Rhinichthys cataractae                         
   Longnose dace   (5)   8               74 (41) 
Semotilus atromaculatus                         
   Creek chub   1 1 (1)     1 (3) 4 (8)     1   77 (133) 
Semotilus corporalis                         
   Fallfish (1) 5 94 (32) 47 (7) 11 (7) 42 (32) 53 (16)   4 11   314 (240) 
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Ictaluridae                         
Ameiurus natalis                         
   Yellow bullhead 1 4   (1) 4 (3)     5 (1) 3 (5)   7 (2) 59 (27) 
Ameiurus nebulosus                         
   Brown bullhead         (2)     5       5 (4) 
Noturus gyrinus                         
   Tadpole madtom         (1) 6 1 (2) 2   (2) 9 (7) 
Noturus insignis                         
   Margined madtom 2 (4)   1 1         1 (1)   5 53 (60) 
Aphredodeeridae                         
Aphredoderus sayanus                         
   Pirate perch         1 (1) 19 (7) 2 (4)   1 16 30 (337) 72 (355) 
Poeciliidae                         
Gambusia holbrooki                         
   Eastern mosquitofish   1   1   3 3 7     1 (2) 20 (2) 
Centrarchidae                         
Acantharchus pomotis                         
   Mud sunfish                   (3) 1 1 (3) 
Ambloplites rupestris                         
   Rock Bass 2                     2 
Centrarchus 
macropterus                         
   Flier       (1)       (15)     3 (2) 3 (18) 
Enneacanthus obesus                         
   Banded sunfish                       2 
Enneacanthus gloriosus                         
Bluespotted sunfish         1 (2) 4 (1)   (8) 5   8 (10) 31 (21) 
Lepomis auritus                         
   Redbreast sunfish 9 (5) 1 (10) 8 (2) 26 (22) 3 (14) 11   (1) 22 (7) 20 (2) 17 (1) 177 (222) 
Lepomis cyanellus                         
   Green sunfish 6 11 23 (3) 9 (1)   4 11         227 (60) 
Lepomis gibbosus                         
   Pumpkinseed (2)   (1) (2) 1 (5)   (3)       2 (7) 16 (28) 
Lepomis gulosus                         
   Warmouth       (3) 1 1   5     (4) 10 (7) 
Lepomis macrochirus                         
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   Bluegill 15 (2) 8 1 (10) 69 (11) 4 (5) (1) 34 (5)   17 9 (26) 364 (151) 
Lepomis microlophus                         
   Redear sunfish                       (2) 
Micropterus dolomieu                         
   Smallmouth bass   (1)                   (4) 
Micropterus salmoides                         
   Largemouth bass 2 (1) 3   (2)   5     2   27 (73) 
Pomoxis nigromaculatus                         
   Black crappie           (2)           (2) 
Percidae                         
Etheostoma flabellare                         
   Faintail Darter (1) 4                   50 (154) 
Etheostoma fusiforme                         
   Swamp darter                       (3) 
Etheostoma olmstedi                         
   Tessellated darter 6 (1) 21 8 (18) 16 (16) 10 (11) 11 (18) 8 (8) 1 13 (10) 11 13 (1) 151 (207) 
Percina peltata                         
   Shield darter (2) (4)                   (19) 
Total 
102 
(59) 
58  
(73) 
237 
(171) 
361 
(163) 
152 
(83) 
185 
(104) 
187 
(123) 
91  
(56) 
178 
(52) 
149 
(13) 
119 
(410) 
3240 
(4370) 
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Table 10 Fish assemblage structure results for the regional catchments showing the amount or percentage of fish assemblage metrics.   
     Values from the 1995-1999 and 2014 collections are listed with 1995-1999 results in parentheses.  
 
Catchments A11224 through C02101 
  Regional Catchments 
Fish Assemblage Structure Metrics A11224 A18201 A21202 A21204 A22208 A23207 A23211 A23212 A26009 C02101 
                      
Species Richness 7 (12) 17 (22) 14 (24) 11 (22) 12 (14) 19 (14) 10 (14) 8 (12) 13 (19) 11 (12) 
Native Richness 5 (10) 14 (18) 11 (21) 8 (18) 10 (12) 16 (11) 9 (12) 5 (8) 12 (16) 10 (11) 
Native Species (%) 71 (83) 82 (82) 79 (88) 73 (82) 83 (86) 84 (79) 90 (86) 63 (67) 92 (84) 91 (92) 
Native Individuals (%) 95 (94) 74 (90) 71 (91) 36 (98) 85 (93) 70 (83) 98 (88) 19 (82) 98 (99) 94 (99) 
Tolerant Individuals (%) 32 (8) 45 (19) 50 (6) 60 (2) 15 (32) 40 (19) 32 (32) 91 (29) 2 (5) 11 (12) 
Intolerant Individuals (%) 0 (1) 0 (6) 0 (3) 1 (5) 40 (13) 7 (1) 14 (1) 0 (3) 0 (1) 7 (5) 
Piscivore Individuals (%) 0 (1) 0 (5) 5 (5) 4 (1) 0 (0) 2 (7) 0 (0) 1 (4) 0 (0) 7 (5) 
Omnivore Individuals (%) 23 (3) 37 (31) 30 (10) 3 (4) 5 (30) 22 (10) 30 (20) 11 (14) 0 (4) 33 (14) 
Benthic Insectivore Individuals (%) 60 (80) 6 (41) 29 (56) 31 (52) 47 (45) 33 (59) 45 (57) 6 (65) 51 (48) 0 (21) 
Generalist Invertivore Individuals (%) 34 (28) 41 (27) 54 (29) 65 (24) 48 (42) 63 (34) 27 (44) 92 (31) 50 (68) 69 (64) 
Darter Individuals (%) 0 (9) 6 (29) 3 (5) 13 (10) 8 (1) 10 (21) 0 (9) 3 (1) 3 (2) 9 (12) 
Introduced Sunfish Individuals (%) 4 (6) 26 (10) 29 (9) 64 (2) 15 (7) 30 (17) 2 (12) 81 (18) 2 (1) 6 (1) 
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Catchments E09203 through G06152 
  Regional Catchments 
Fish Assemblage Structure Metrics E09203 E17201 E20004 E20006 E21005 E21009 E21010 E23005 E23007 F04202 G06152 
                        
Species Richness 15 (14) 12 (16) 17 (14) 16 (13) 12 (16) 19 (14) 15 (13) 9 (10) 14 (10) 10 (4) 15 (16) 
Native Richness 10 (14) 11 (12) 13 (13) 13 (10) 10 (13) 15 (12) 12 (11) 7 (9) 14 (10) 8 (4) 14 (15) 
Native Species (%) 67 (100) 92 (75) 76 (93) 81 (77) 83 (81) 79 (86) 80 (85) 78 (90) 
100 
(100) 
80 
(100) 93 (94) 
Native Individuals (%) 75 (100) 81 (95) 86 (98) 97 (91) 54 (84) 95 (93) 91 (99) 57 (91) 
100 
(100) 
87 
(100) 92 (94) 
Tolerant Individuals (%) 38 (15) 21 (12) 15 (2) 4 (7) 45 (13) 6 (8) 9 (8) 58 (14) 2 (19) 12 (0) 24 (9) 
Intolerant Individuals (%) 1 (14) 0 (22) 0 (0) 2 (0) 1 (1) 1 (0) 1 (0) 0 (2) 15 (10) 0 (0) 3 (1) 
Piscivore Individuals (%) 2 (0) 0 (5) 1 (0) 0 (0) 0 (2) 0 (2) 3 (0) 0 (0) 3 (0) 1 (0) 3 (1) 
Omnivore Individuals (%) 15 (15) 21 (4) 2 (2) 50 (34) 4 (31) 18 (10) 3 (15) 29 (9) 2 (29) 1 (0) 19 (1) 
Benthic Insectivore Individuals (%) 4 (29) 10 (25) 5 (57) 3 (6) 0 (1) 6 (15) 6 (26) 0 (0) 1 (2) 0 (46) 4 (0) 
Generalist Invertivore Individuals (%) 64 (47) 84 (23) 76 (43) 39 (61) 99 (71) 75 (75) 84 (59) 90 (96) 84 (87) 43 (54) 66 (17) 
Darter Individuals (%) 2 (7) 7 (12) 2 (8) 0 (6) 1 (7) 19 (11) 0 (0) 13 (5) 0 (17) 1 (0) 13 (1) 
Introduced Sunfish Individuals (%) 25 (0) 19 (5) 14 (2) 3 (9) 46 (16) 5 (7) 9 (1) 43 (9) 0 (0) 13 (0) 8 (7) 
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Table 11 Changes in fish assemblage structure for the regional catchments showing either increases or declines in fish assemblage   
     metrics from 1995-1999 and 2015 collections. Values represent the average change across all 21 catchments and values in   
     bold represent statistically significant results. 
  
Tuckahoe Creek 
Watershed 
Fish Assemblage Structure Metrics 1995-1999 
Species Richness -1 
Native Richness -2 
Native Species (%) -4 
Native Individuals (%) -15** 
Tolerant Individuals (%) 16* 
Intolerant Individuals (%) 0 
Piscivore Individuals (%) 0 
Omnivore Individuals (%) 2 
Benthic Insectivore Individuals (%) -18** 
Generalist Invertivore Individuals (%) 15** 
Darter Individuals (%) -3 
Introduced Sunfish Individuals (%) 15 
    
Wilcoxon signed-rank test (α = 0.05)    
* notates significant change (p < 0.05), ** notates significant change (p < 0.01) 
 
 
 
 
62 
 
Figures  
Figure 1 This figure shows the location of the Tuckahoe Creek watershed in Virginia.  
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Figure 2 This figure shows the Tuckahoe Creek watershed with Goochland County and Henrico County boundaries.  
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Figure 3 This figure shows the five sample sites and catchments of the Tuckahoe Creek watershed.  
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Figure 4 This figure is the 1953 digitized aerial imagery of the Tuckahoe Creek watershed. 
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Figure 5 This figure is the 1990 Landsat 5 TM false color satellite image of the Tuckahoe Creek watershed.  
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Figure 6 This figure is the 2014 Landsat 8 OLI/TIRS false color image of the Tuckahoe Creek watershed.  
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Figure 7 This figure is the location of each regional catchment assessed in the Coastal Plain 
     and Piedmont regions of Virginia. 
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Figure 8 This figure is the 1953 land cover classification results for the Tuckahoe Creek watershed.  
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Figure 9 This figure is the 1990 land cover classification results for the Tuckahoe Creek watershed.  
 
71 
 
Figure 10 This figure is the 2014 land cover classification results for the Tuckahoe Creek watershed. 
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Figure 11 This figure shows three graphs representing the land cover within the riparian zones 
      of the Tuckahoe Creek watershed from each time period studied. 
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Figure 12 This figure shows the 2014 land cover classification results for the Tuckahoe Creek watershed with county boundaries   
       included. 
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Figure 13 This figure shows the 2014 watershed integrity model results for the Tuckahoe Creek watershed.  
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Figure 14 This graph represents the association between Jaccard’s community coefficient and increases in riparian zone ISA for the   
      Tuckahoe Creek watershed (1950s-2014). 
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Figure 15 This graph represents the association between decreases in ITHI values and decreases in the percentage of intolerant   
       individuals in the fish community for the Tuckahoe Creek watershed (1950s-2014). 
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Figure 16 This figure depicts the ITHI results for the regional catchments for both time periods assessed. 
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Appendices 
Appendix 1 This appendix shows the accuracy assessments of land cover classifications for the Tuckahoe creek watershed and the  
          regional catchments across all time periods assessed.  
Tuckahoe Creek  
1953 Accuracy Assessment  
 Tuckahoe Creek           
  
Reference 
Data         
  Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA Ground Truth Totals 
Water 5 0 0 0 5 
Agriculture/Non-Natural Land Cover 0 50 0 0 50 
Natural Land Cover 0 0 50 0 50 
Urban/ISA 0 2 0 48 50 
Total 5 52 50 48 155 
            
Ground Truth           
  
Reference 
Data         
Classification Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA   
Water 100 0 0 0   
Agriculture/Non-Natural Land Cover 0 96.15384615 0 0   
Natural Land Cover 0 0 100 0   
Urban/ISA 0 3.846153846 0 100   
Total           
            
Commission of Error     Percent     
Water 0 5 0     
Agriculture/Non-Natural Land Cover 0 50 0     
Natural Land Cover 0 50 0     
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Urban/ISA 2 50 4     
            
Omission of Error     Percent     
Water 0 5 0     
Agriculture/Non-Natural Land Cover 2 52 3.846153846     
Natural Land Cover 0 50 0     
Urban/ISA 0 48 0     
            
Producers Accuracy     Percent     
Water 5 5 100     
Agriculture/Non-Natural Land Cover 50 52 96.15384615     
Natural Land Cover 50 50 100     
Urban/ISA 48 48 100     
            
Users Accuracy           
Water 5 5 100     
Agriculture/Non-Natural Land Cover 50 50 100     
Natural Land Cover 50 50 100     
Urban/ISA 48 50 96     
            
Overall Accuracy 0.987096774 98.7       
Kappa Coefficient 0.981212121 98.1       
 
1990 ACCURACY ASSESSMENT           
Tuckahoe Creek           
  Reference Data       
Classification Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA Ground Truth Totals 
Water 49 0 0 1 50 
Agriculture/Non-Natural Land 
Cover 0 43 4 3 50 
Natural Land Cover 0 0 49 1 50 
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Urban/ISA 0 6 0 44 50 
Total 49 49 53 49 200 
            
Ground Truth           
 
Reference Data       
1997_Classification Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA   
Water 100 0 0 2.040816327   
Agriculture/Non-Natural Land 
Cover 0 87.75510204 7.547169811 6.12244898   
Natural Land Cover 0 0 92.45283019 2.040816327   
Urban/ISA 0 12.24489796 0 89.79591837   
Total           
            
Commission of Error     Percent     
Water 1 49 2.040816327     
Agriculture/Non-Natural Land 
Cover 7 50 14     
Natural Land Cover 1 50 2     
Urban/ISA 6 50 12     
            
Omission of Error     Percent     
Water 0 49 0     
Agriculture/Non-Natural Land 
Cover 6 49 12.24489796     
Natural Land Cover 4 53 7.547169811     
Urban/ISA 5 49 10.20408163     
            
Producers Accuracy     Percent     
Water 49 49 100     
Agriculture/Non-Natural Land 
Cover 43 49 87.75510204     
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Natural Land Cover 49 53 92.45283019     
Urban/ISA 44 49 89.79591837     
            
Users Accuracy           
Water 49 50 98     
Agriculture/Non-Natural Land 
Cover 43 50 86     
Natural Land Cover 49 50 98     
Urban/ISA 44 50 88     
            
Overall Accuracy 0.925 92.5       
Kappa Coefficient 0.9 90       
 
2014 Accuracy Assessment           
Tuckahoe Creek           
  Reference Data       
Classification Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA Ground Truth Totals 
Water 49 1 0 0 50 
Agriculture/Non-Natural Land 
Cover 0 45 2 3 50 
Natural Land Cover 0 0 49 1 50 
Urban/ISA 0 3 0 47 50 
TOTAL 49 49 51 51 200 
            
Ground Truth           
  Reference Data       
  Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA   
Water 100 2.040816327 0 0   
Agriculture/Non-Natural Land 
Cover 0 91.83673469 3.921568627 5.882352941   
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Natural Land Cover 0 0 96.07843137 1.960784314   
Urban/ISA 0 6.12244898 0 92.15686275   
Total           
            
Commission of Error     Percent     
Water 1 50 2     
Agriculture/Non-Natural Land 
Cover 5 50 10     
Natural Land Cover 1 50 2     
Urban/ISA 3 50 6     
            
Omission of Error     Percent     
Water 0 49 0     
Agriculture/Non-Natural Land 
Cover 4 49 8.163265306     
Natural Land Cover 2 51 3.921568627     
Urban/ISA 4 51 7.843137255     
            
Producers Accuracy     Percent     
Water 49 49 100     
Agriculture/Non-Natural Land 
Cover 45 49 91.83673469     
Natural Land Cover 49 51 96.07843137     
Urban/ISA 47 51 92.15686275     
            
Users Accuracy           
Water 5 5 100     
Agriculture/Non-Natural Land 
Cover 50 50 100     
Natural Land Cover 50 50 100     
Urban/ISA 48 50 96     
            
Overall Accuracy 0.95 98.7       
Kappa Coefficient 0.933333333 93       
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Regional Catchments 
1997 Accuracy Assessment           
Regional Catchments           
  
Reference 
Data         
Classification Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA Ground Truth Totals 
Water 39 0 0 1 40 
Agriculture/Non-Natural Land 
Cover 0 43 3 4 50 
Natural Land Cover 0 0 50 0 50 
Urban/ISA 0 0 7 43 50 
Total 39 43 60 48 190 
            
            
Ground Truth           
  
Reference 
Data         
1997_Classification Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA   
Water 100 0 0 2.083333333   
Agriculture/Non-Natural Land 
Cover 0 100 5 8.333333333   
Natural Land Cover 0 0 83.33333333 0   
Urban/ISA 0 0 11.66666667 89.58333333   
Total           
            
Commission of Error     Percent     
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Water 1 40 2.5     
Agriculture/Non-Natural Land 
Cover 7 50 14     
Natural Land Cover 0 50 0     
Urban/ISA 7 50 14     
            
Omission of Error     Percent     
Water 0 39 0     
Agriculture/Non-Natural Land 
Cover 0 43 0     
Natural Land Cover 10 60 16.66666667     
Urban/ISA 5 48 10.41666667     
            
Producers Accuracy     Percent     
Water 39 39 100     
Agriculture/Non-Natural Land 
Cover 43 43 100     
Natural Land Cover 50 60 83.33333333     
Urban/ISA 43 48 89.58333333     
            
Users Accuracy           
Water 39 40 97.5     
Agriculture/Non-Natural Land 
Cover 43 50 86     
Natural Land Cover 50 50 100     
Urban/ISA 43 50 86     
            
Overall Accuracy 0.921052632 92.1       
Kappa Coefficient 0.894405335 89.4       
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2014 Accuracy Assessment           
Regional Catchments           
  
Reference 
Data         
Classification Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA Ground Truth Totals 
Water 39 0 0 1 40 
Agriculture/Non-Natural Land 
Cover 0 45 0 5 50 
Natural Land Cover 0 1 48 1 50 
Urban/ISA 0 6 1 43 50 
Total 39 52 49 50 190 
            
Ground Truth           
            
  Water 
Agriculture/Non-Natural Land 
Cover 
Natural Land 
Cover Urban/ISA   
Water 100 0 0 2   
Agriculture/Non-Natural Land 
Cover 0 86.53846154 0 10   
Natural Land Cover 0 1.923076923 97.95918367 2   
Urban/ISA 0 11.53846154 2.040816327 86   
Total           
            
Commission of Error     Percent     
Water 1 40 2.5     
Agriculture/Non-Natural Land 
Cover 5 50 10     
Natural Land Cover 2 50 4     
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Urban/ISA 7 50 14     
            
Omission of Error     Percent     
Water 0 39 0     
Agriculture/Non-Natural Land 
Cover 7 53 13.20754717     
Natural Land Cover 1 49 2.040816327     
Urban/ISA 7 50 14     
            
Producers Accuracy     Percent     
Water 39 39 100     
Agriculture/Non-Natural Land 
Cover 45 52 86.53846154     
Natural Land Cover 48 49 97.95918367     
Urban/ISA 43 50 86     
            
Users Accuracy           
Water 39 40 97.5     
Agriculture/Non-Natural Land 
Cover 45 50 90     
Natural Land Cover 48 50 96     
Urban/ISA 43 50 86     
            
Overall Accuracy 0.921052632 92.1       
Kappa Coefficient 0.887365691 88.7       
 
 
 
 
87 
 
Appendix 2 This appendix contains figures showing the land cover classification results from 1997 and 2014 for all 21 regional   
          catchments.  
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Appendix 3 This appendix contains figures for the 2014 watershed integrity model results for all 21 regional catchments. 
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